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Abstract

Electromagnetic interference shielding effectiveness and conductive properties of
carbon nanotube containing composites intended for use as satellite surface materials
have been investigated following electron and neutron irradiation. The multi-walled
carbon nanotube (MWCNT) composites have low resistivity that is consistent with
conductive materials. Two sets of MWCNT composites have been assessed. One set was
used to investigate electron irradiation effects and the other neutron irradiation effects.
Each panel consisted of four plies of MWCNT infused on epoxy resin and four plies of
space grade SiO; glass in different layered configurations. One panel, consisting of eight
plies of SiO; glass and no MWCNTSs served as the control sample.

The MWCNT composites were irradiated to fluence levels of 101 electrons/cm?
with 500 keV electrons. Increase in EMI-SE and conductivity was observed following
electron irradiation in two of the samples. The sample with alternating layers of
MWCNT and glass had a decrease in conductivity and an increase in EMI-SE post
irradiation. This would suggest that the different layered configuration does play a role
in the durability of the composite. Having multiple conductive layers of MWCNT
composites provide increased durability against electron irradiation. Additionally,
changes in conductivity are not the only mechanism affecting the EMI-SE of the
composite. Additional electron irradiations were conducted on three MWCNT composite
with the two layers of MWCNT on the outside and 4 layers of glass sandwich in the

center. The panels were irradiated to a fluence of 106 electrons/cm?® with 100, 200, and

iv



500 keV electrons to investigate the possibility of ionizing effects on the MWCNT
composite. However, no changes in the EMI-SE were observed for these irradiations. The
second set of MWCNT composites were irradiated with 1.0 MeV Si(eq) neutrons to a
fluence level of 10'* neutrons/cm? and 1015 neutrons/cm2. Minor changes in the
conductivity and no change in EMI-SE was observed in the MWCNT composites. The
overall changes observed; however, are inconsequential to MWCNT composites’
intended use as satellite surface structure.

In addition, the different layered configurations did have an effect on the
electrical properties and durability of the composite under irradiation. The sample with
the alternating layer of MWCNT and glass had the least favorable configuration of the
three designs. Initial EMI-SE was lower than the other two layered configuration and a
greater decrease in conductivity was observed post irradiation. The configuration with
the two layers of MWCNT on the outside had the best design. The design allows the
composite to shield against both external and internal sources of EMI. In addition, it was
the design that had the least changes to its electrical property post electron and neutron

irradiation.
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DURABILITY OF MWCNT COMPOSITES UNDER ELECTRON AND NEUTRON
IRRADIATION
I. Introduction
There is considerable interest in the development of conductive composite
materials for application where metals traditionally have been used. The focus of this
research is the development of materials intend for use in satellite structural components.
Composite materials containing no metallic fillers are electrically resistive and subject to
electrostatic discharge (ESD) in the space environment. In order to increase conductivity,
fillers such as multi-walled carbon nanotubes (MWCNTS) are added to the composite
material. The addition of MWCNTSs decreases resistivity in the composite while
maintaining its relatively high strength-to-weight ratio
The potential for space use of the MWCNT composites necessitates rigorous
radiation effects testing. In addition to radiation from cosmic rays and solar flares,
satellites in low earth orbits (LEOs) and geosynchronous orbit are exposed to charged
particles trapped in the radiation belts. The charged particles contribute to both
spacecraft charging and radiation damage. A detailed understanding of the radiation
effects on the electrical properties of the composite is required. The effect of radiation on
the composite’s conductivity and electromagnetic interference shielding effectiveness

(EMI- SE) is the focus of this research. It is also necessary to understand how a material



conducts charge, thus reducing ESD effects, and how well a material can maintain its
desirable electrical properties with the effects of permanent radiation damage.

Several studies of MWCNT composites were conducted previously at the Air
Force Institute of Technology [1][2]. Changes to the electrical properties of a single
layer of MWCNT composite reinforced with a single layer of s-glass were investigated
by [1]. The MWCNT composites were irradiated to fluence levels of 1x10'
electrons/cm? and 1.11x10% neutrons/cm?®. Reference [1] measured a 3.7 % increase in
resistivity post neutron irradiation at fluence of 1.11x10% neutrons/cm? and 25.5%
increase in resistivity following electron irradiation. Reference [1] concluded that the
MWCNT composites were a suitable replacement for aluminum and current composite
materials for satellite buses.

Changes to EMI-SE of MWCNT composites after experiencing monotonic
tension load, thermal cycling, and a combination of thermal cycling followed by
monotonic tension load was investigated by [2]. The materials investigated by [2] are
similar to those investigated by [1]. However, [2]'s material consisted of four layers of
MWCNT composites and four layers of SiO, glass in different configurations. A more
detailed description of the material is given in Chapter I1l. Reference [2] reported that
the failure mechanisms were consistent for each MWCNT composite and were not
constrained by layered configuration. All three designs containing MWCNT plies did not
demonstrate a catastrophic reduction in EMI-SE performance post-fracture. The EMI-SE

remained intact after fracture and was able to provide continuing protection against EMI.



1.1 Objective of Research

The objective of this work is to investigate the effects of ionizing and non-
ionizing radiation on the conductivity and EMI-SE of MWCNT composites. The primary
purpose is to determine the effects of a simulated space environment on the composite.
Furthermore, since previously reported changes to conductivity following irradiation of
single layer CNT composites have been inconsistent, this thesis will also focus on
improving the experimental procedures to obtain more dependable results. The primary
objectives of this work are as follows:

1. Establish EMI-SE and conductivity test capabilities in accordance with
IEEE, Military Standard (MIL-STD), and American Society for Testing

Materials (ASTM).

2. Experimentally measure the effect of irradiation on the electrical
properties of MWCNT composite materials.

3. Compare the experimental results to the output of a physics-based model
of the devices.

4. Attribute results to the interaction of radiation with MWCNTSs.

A secondary objective of this work is to determine the radiation effects on
MWCNT composites in different layered configuration. The primary object is to
measure the changes to the electrical properties of MWCNT composites post electron and
neutron irradiation. The purpose of the second objective is to find an optimal stacking
sequence for the different composite configurations.

Changes to the electrical properties of nanocomposites after irradiation can be
linked to radiation-induced defects in its constituent materials. Reference [1] suggested
that the reduction in the conductivity following irradiation is greater due to radiation

induced atomic displacements in the CNT. Reference [3], however, suggested that



increase in resistivity in the composite materials was due to changes in the epoxy resin.
This research will show that changes to the electrical properties of MWCNT composites
under irradiation are due to the following competing processes:

1. Gas absorption and desorption;

2. Radiation induced displacement damage in the MWCNTSs; and

3. Radiation induced displacement damage in the epoxy resin.
1.2 Paper Organization

This thesis addresses theory, experimental design, results and analysis, and
provides conclusion and recommendations for future work.

Chapter 2 characterizes the problem with space-bound vehicles. It first describes
the space radiation environment and defines performance requirements for current
spacecraft according to the current MIL-STD.

Chapter 3 discusses the composite material in detail. The first section describes
the structure of the carbon nanotubes (CNT) and its’ unique properties. The second
section describes how MWCNTSs conduct electrical currents. In addition, how MWCNT
can be infused in epoxy resin to create a conductive composite is also discussed. The
third section of the chapter discusses how the conductivity of the composite can change
depending on the percent weight of MWCNTSs and while under a vacuum environment.

Chapter 4 describes the radiation effects used in this research. The interaction of
energetic particles with the MWCNTSs is also described. The results of previous studies
and how they relate to this research are explained. Understanding the causes and effects

of the defects is essential to the development of the radiation effects model.



Chapter 5 describes the experimental techniques used in each of the irradiations
and measurements. The first section briefly discusses the tested material and how it was
prepared for the experiment. The next several sections discuss resistivity theory,
measurement techniques, and experimental set-up. The final few sections discuss EMI-
SE theory, measurement techniques and experimental set-up.

Chapter 6 discusses the irradiation of the MWCNT composites. The first section
discusses the purpose of a vacuum check and how it was conducted. The second section
discusses irradiation of the MWCNT composites with the Dynamitron. The final section
describes how irradiation of the composite was done at the Ohio State University
Research Reactor (OSURR).

Chapter 7 contains the result and analysis. The first section discusses the initial
characterization results and analysis of the EMI-SE and conductivity results. The next
section follows the same outline to discuss the results from electron irradiation. Finally,
an analysis of neutron irradiation is presented. The first section presents an error analysis
of the experimental results.

Chapter 8 offers the conclusion and recommendations for future work.



Il1. Characterizing the Problem

2.1 The Space Environment

Space applications are of primary interest for the MWCNT composites under
investigation. Satellites in geosynchronous orbit circle the earth approximately 35,000
kilometers above the equator in the outer VVan Allen radiation belt. Low Earth Orbit
(LEO) satellites, on the other hand, circle the earth approximately 2000 kilometers above
the earth’s equator in the inner Van Allen radiation belt. The radiation belts are
composed of a high energy proton belt and two electron belts. The inner belt, located 500
- 13,000 (km) above the earth’s surface, contains mostly protons with energy greater than
10 MeV. The low-energy electron belt overlaps the inner belt and contains electrons
carrying energies between 10 and 50 MeV. The outer belt, located 13,000 - 35,000 (km),
contains high energy electron of energies from 10 to 100 MeV [4]. An illustration of the
Van Allen belts is provided in [5].

The baseline proton fluxes for LEO orbits and electron fluxes for geosynchronous

&

J
o W
INNER ZONE ke

PROTON BELT
E>34 mev

ELECTRON SELT
E>0.5 mev

Figure 1. Van Allen Inner and Outer Belt [5].
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orbits are listed in

Table 1 and were taken from MIL-STD 1809. The document established a

standard within which a space vehicle must be capable of operating. The greatest threat

facing a space vehicle is protons in the inner belt. Electrons in the outer belt also pose a

significant risk. The definition provides an appropriate starting point for radiation

fluences used to investigate radiation effects on the electrical properties of carbon

nanotube composites. Any material considered for use as structural components on LEO

and geosynchronous satellites should meet the criteria outlined in the standard.

Table 1. Baseline standards for proton fluxes of LEO satellites and electron fluxes of

geosynchronous satellites listed in [4].

Proton Energy [MeV]

Flux [protons cm™ sec™]

>0.1 4x10’
>1 1x10’
>10 5x10°
>100 2x10*
>400 MeV 8x10°
Electron Energy [MeV] Flux [electrons cm™ sec™]
>0.1 2x10’
>0.5 8x10°
>1 2x10°
>2 2x10*

Space vehicles in LEO and geosynchronous orbit experience a multitude of high

energy particles as detailed above. This investigation will examine both the spacecraft

charging and radiation effects on the electrical properties of the satellite buses. Space

vehicle charging will be discussed presently, while the discussion of radiation effects on

electrical properties will be deferred until a complete description of the composite

materials has been presented.




2.2 Space Vehicle Charging
One of the hazards caused by radiation is spacecraft or satellite electrical
charging. There are three ways that charging can be produced:
1. By space vehicle motion through a medium containing charged particles
(“wake charging”). Wake charging is a significant problem for large

objects such as the Space Shuttle or International Space Station.

2. Directed particle bombardment from geomagnetic storms and proton
events.

3. Solar radiation, which causes time dependent ionization
The material used, and the shape of the space vehicle’s construction can influence the
impact of the vehicle charging [6]. Unbalanced electrical potential between the separate
surface components of the vehicle or between vehicle and surrounding plasma are created
from a buildup of charge density. The buildup of large static charge eventually leads to
an ESD. There are two types of charging:

1. Surface charging occurs when low energy electrons attach to the
spacecraft causing different charges on parts of the spacecraft leading to
an electrical arc discharge on the surface. Photoelectric effects from solar
photons and wake charging are surface charging phenomena.

2. Deep dielectric charging occurs when high energy electrons penetrate
through the shielding of the spacecraft and build up in dielectric insulators
and conductors such as coaxial cable.

Surface ESD can produce spurious circuit switching, degradation or failure of
internal electronic components, thermal coatings, and solar cells, or false sensor readings
[6]. The primary concern with using composite material is their low conductivity.

Conductive structural materials reduce the uneven charge buildup across the satellite

surface and reduce the possibility of ESD. Infusing epoxy with MWCNT can



significantly increase the conductivity of the material and thus reduce the likelihood of an

uneven charge buildup.



I11. The Material
Since the discovery of carbon nanotubes in 1991 by [7], researchers in various

fields such as physics and material science have looked extensively for potential
applications. Applications such as electrostatically dissipative materials and satellite
structural materials are one such area of interest. CNTs’ remarkable electrical and
mechanical properties have inspired interest in using CNTs as fillers in polymer
composite systems to obtain ultra-light structural materials with enhanced electrical,
thermal and optical characteristics. The prospect of obtaining advanced CNTs with
multifunctional features has attracted the efforts of researchers in both academia and

industry.

Figure 2. 90 wt% Multi-walled Carbon Nanotube Bucky Paper [8].

Nanocomp Technologies, Inc. (NCTI) based in Concord, New Hampshire
fabricated the MWCNT bucky paper used in this research via Chemical Vapor
Deposition (CVD). The bucky paper or sheets of MWCNT were then infused with epoxy
resin. Finally, the MWCNT and epoxy resin layers were then compressed onto layers of
SiO; glass to form different configurations. An image of the MWCNT produced by

NCTI is shown in Figure 2.



Figure 3. SWCNT and MWCNT [9].

3.1 Carbon Nanotubes

Carbon nanotubes consist of a hexagonal network of carbon atoms rolled up into a
continuous hollow cylinder. Each end can be either open or capped with half of a
fullerene molecule. Carbon nanotubes can be single-walled, double-walled or multi-
walled. MWCNT and DWCNT are essentially nested SWCNT. Each configuration has
its own unique electrical and mechanical properties. Figure 3 depicts a SWCNT and a
nested CNT.

Each carbon atom in the CNT is bonded to three neighboring carbon atoms. The
structure is due to the process of sp® hybridization during which one s-orbital and two p-
orbitals combine to form three hybrid sp®-orbitals. Figure 4 depicts how the sp?-orbitals
of the carbon atom connect to sp?-orbitals of neighboring atoms to form a hexagonal
network. The covalent bond or c-bond is a strong chemical bond and plays a vital role

in the mechanical properties of the CNTSs. In addition, the out-of plane bond or n-bond is

10



O n-bond

o-bond
-

Figure 4. Hybrid sp®-orbitals of carbon atoms forming a hexagonal network. The
carbon w-bonds contribute to the interaction between layers of MWCNT and
bundle of CNTs [11] .

relatively weak and contributes to the interaction between the layers in MWCNTS or
between bundles of CNT’s [10].

The bonds of CNTSs are similar to those in graphene sheets; however, rolling up a
sheet of graphene into CNTSs re-hybridizes the ¢ and & orbitals [10]. CNTSs can also be
identified by how the graphene sheets are rolled as shown in Figure 5. The identification
is based on the vector r which can be expressed as the linear combination of the lattice

basis (a and b). As shown in Figure 5,

r=Na+ Mb (1.1)

The relation between N and M defines the three categories of CNTSs:

o M=0:Zigzag

11



e M = N:Armchair

e M # N:Chiral
The armchair structure has metallic characteristics while both zigzag and chiral structures
result in band gaps, making them semiconductors. The nanotube's chirality and its

diameter determine its unique electrical properties [11].

Figure 5. The rolling of a graphene sheet determines the three types of CNT [32].

3.2 Epoxy Resin Polymer
Epoxies are used primarily for fabricating high performance composites with
superior mechanical properties, resistance to corrosive liquids and environments, superior

electrical properties, good performance at elevated temperatures, good adhesion to a
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substrate, or a combination of these benefits. Epoxy resins can be used with a number of
fibrous reinforcing materials including glass, carbon and aramid fibers.

Epoxy resin polymer is formed from the reaction of an epoxy and amine
molecule. The “resin” or “compound* consist of monomers or short chain polymers with
an epoxy group at either end. The “hardener or “activator” consists of polyamine
monomers. When these two compounds are mixed together, the amine groups react with
an epoxy group. The resulting polymer is heavily cross-linked which makes it strong and

rigid.

3.3 Composite Material

Composite materials are made of more than one component. A common
composite is concrete which is made of cement, gravel and sand. The concrete is often
reinforced with interconnecting steel rods. Modern composites are usually made of two
components, a fiber and matrix. The fiber can be glass, Kevlar, carbon fiber, or
polyethylene. The matrix is usually an epoxy resin or polyimide. The fiber is embedded
in the matrix in order to make the matrix stronger. Fiber-reinforced composites can be
stronger than steel and much lighter. Similarly, the CNT composite consists of an epoxy
resin matrix reinforced with interconnecting CNT filler. The CNT provides the
composite increased structural strength and conductivity. The increased structural
strength and electrical conductivity of the MWCNT composites make it an ideal

replacement for aluminum and other heavier alloys in satellite buses.
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Figure 6. Simple model of electron flow in material. The white circle represents
an electron moving from the left to the right through the atoms of the material
[12].

3.4 Electrical Conductivity of MWCNT
Electrical conductivity is a key physical property of all materials. The electrical
conductivity describes the flow of electricity in material when under an applied
voltage. If electricity can flow easily through a material, that material has high
conductivity and vice versa. Electric current flow is often viewed as an electron
response to an applied electric field.
Figure 6 is a basic model of how electricity flows through a material under an
applied voltage.
For CNTSs, electron transport is often considered as a scattering problem. In this
approach, the current through a conductor is related to the probability that an electron can

be transmitted through it. Landauer formula relates the conductance G over a sample of

length L as

== T (111.2)
where h = plank’s constant
e = the electric charge on an electron

T = the transmission coefficient
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The transmission coefficient T is the proportional to the ratio of the overall
scattering length and the length of the system, vz, /L. The scattering length, vezp,
consists of the Fermi velocity, vg, and the z,,, which takes into account many body
collisions that redistribute the carriers’ energy gain and cause dissipation. A change in

the transmission coefficient changes the conductance of the material [12].

3.5 Conductivity of MWCNT composites

The electrons in the m orbital of the CNT play a significant role in the
conductivity of MWCNT composites. The loosely bound 7 electrons in MWCNT provide
the current carrying electrons in the composites. The MWCNT composites’ high
conductivity makes them ideal fillers for creating conductive composites. Infusing the
MWCNTSs with epoxy resin turns a normally resistive material into a highly conducting
composite. There are several ways to influence the flow of electricity through MWCNT
composites. One way to increase the conductivity of the material is to create additional
charge carrier transport pathways. This can be done by adding more MWCNTS to the
matrix material.

When electrically conducting particles are randomly distributed within an
insulating matrix, the sample is non-conducting until the volume fraction of the
conducting phase reaches the so-called percolation threshold [14]. Figure 7 shows the
percolation thresholds of MWCNT/epoxy nanocomposites which can vary from 0.06 %
to above 0.64% depending on dispersion and aspect ratio (length to diameter) of

MWCNTSs and how it is produced [14].
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Figure 7. Percolation level of MWCNT composites [14].

In classical percolation theory, the dependence of the DC conductivity (o) values
of the composites on the conductive filler concentration (p) above the percolation

concentration (p¢) can be describe by a scaling law of the form

ox (p—p)t (111.3)
where t the critical exponent. The theoretical predictions of t have been reported ranging

from 1.6 to 2.0 [14] [15].

When p > p., small changes in p have little changes in the overall conductivity
of the composite. Figure 8 shows a comparison of the DC conductivity for two samples
of MWCNT composites. Reference [16] reported that the percolation threshold of each
composite can occur at different MWCNT content depending on the oxidation condition
and solution [16]. The composites showed different conductivities even at the same
MWCNT content. An abrupt increment in conductivity was observed at low MWCNT
content in both cases, at which point the conductivity changed from the order

0f1071> to 107 S/cm. At loading levels of more than the critical volume, the

16



Figure 8. Plot of DC conductivity of two types of MWCNT composite as a
function of MWCNT content. Each inset shows the log-log plot of DC
conductivity with p-p..

conductivity of the epoxy composites was moderately increased and saturated to a value

of less than 0.01 S/cm [14].

3.6 Gas Absorption/Desorption Model of MWCNT Composites
Figure 9 depicts a model that describes the adsorption/desorption of a Carbon
Nano Fiber (CNF) and the associated carrier trapping/detrapping under ambient and

vacuum conditions. The model assumes the adsorption of one or more gaseous species in
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Figure 9. Gas Absorption/Desorption Model [17].

the atmosphere at room temperature, which desorbed via Joule heating of the CNF device
under ambient conditions, accompanied by release of carriers into the CNF. Once the
CNF is cooled to room temperature, the molecules are re-adsorbed and the resistance
returned to its preheated value. If the heating occurs in vacuum, the desorbed molecules
are evacuated and the resistance after cooling down remains at the lower value. The
model proposed is consistent with reports on effects of adsorbed molecular species such
as Oz, H,O, NH3, CO,, and NO; on electrical transport in CNTs. The general trend
reported was increased CNT resistance as a result of exposure to reducing species (NHs,
COy), while a decrease was observed for oxidizers (02, NO3) [17].

Changes to the electrical properties of MWCNT composites can be attributed to
the adsorption and desorption of gas molecules in the atmosphere. Theoretical work has
shown that electronic properties of CNTs change in the presence of absorbed reducing

and oxidizing gases [18]. Reference [17] reported that absorbed molecules can be
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desorbed through heating, resulting in a decreased resistance. The resistance returns to
its original value due to re-adsorption of these molecules. The exposure to O, (electron
acceptors) was reported to result in decreased resistance. Water vapor has been reported
to increase resistance in small concentrations for single-walled CNT mats. The same
authors also found that degassing while heating CNT mats resulted in reduced resistance
[19]. CO, gas present in the atmosphere and exposure to it were reported to increase the
multi-walled CNT resistance [20]. These results were typically explained based on the

assumption that absorbed gas molecule act as electron (or hole) donors or acceptors.

19



IV. Model for Radiation Effects

A full understanding of irradiation effects in MWCNT composite is not possible
without a proper description of the target atom and its interaction with an energetic ion or
electron. The purpose of this section is to examine the fundamentals of the interactions
between the target atoms and energetic particles that modify the properties of the
MWCNT composite.

Radiation effects on MWCNTSs and CNTSs in general are significantly different
from bulk carbon systems (graphite and diamond). Unlike bulk systems, the radiation can
have both a destructive and beneficial effect on the target’s properties. Initial effects of
radiation on MWCNT composite material can be generalized into two categories,
ionizing and non-ionizing effects. When electrons or neutrons enter MWCNT composite
material, there are three possible outcomes. The first possible outcome is that the
energetic particles pass through the material with no energy loss. The second possible
outcome is that the particles (if charged) lose their energy through ionization. The
ionization energy loss is transitory and rate dependent. The third possible outcome is that
the particles lose their energy through non-ionizing energy loss (NIEL). NIEL is
typically manifested as the displacement of constituent atoms leading to vacancies,
interstitials and the creation of defect complexes. The NIEL effect is potentially
permanent and generally dependent upon total dose rather than dose rate [21] .

The electronic structure of the MWCNT strongly affects the outcome of the
radiation interaction. In metallic materials, the electronic excitations are delocalized due
to the presence of conduction electrons [29] . When electrons in MWCNT are excited, the

energy of the electron is quickly transferred to other electrons before it creates any
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permanent damage. Hence ionizing effects on MWCNT are transient. Any permanent
damage can be attributed to the radiation induced changes in carbon nanotubes by NIEL.
NIEL is a measure of the energy transferred to the atoms of the lattice during irradiation
[23]. The effect of the energetic particles on the constituent atoms of the material differs
depending on the atomic species, binding energy, and energy of the particles [21] . The
potential effects of the type and energy of the incident radiation can be determined by
analyzing the potential energy transfer to the lattice atoms. Additionally, in order to
determine the NIEL in a material, a calculation of the radiation dose for the energy level

of the radiating particles is required.

4.1 Neutron Non-lonizing Energy Loss

When an energetic neutron penetrates a solid, it interacts with the nuclei and the
electrons of the material. The neutron is difficult to stop and has a high penetrating power
because it has no charge. Interactions of neutrons with the target atom nuclei fall into
two broad classes, scattering and absorption. In scattering reactions, the neutron remains
free at a reduced energy and some of its kinetic energy is transferred to the nuclei. The
neutron transfers its energy in two different processes: ionizing and nonionizing. The
ionizing effect is governed by inelastic collisions between the neutron and the bound or
free electrons in the target [23]. The nonionizing effect originates from elastic collisions
between the neutron and the nuclei of atom in the target atom. If the neutron is absorbed,
a new isotope is formed [21].

The 1 MeV equivalent neutron fluence for a material or 1 MeV (eq) is reported

for the purpose of radiation testing. The 1 MeV (eq) is the fluence required for 1 MeV
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mono-energetic neutrons to create the same amount of damage as the entire neutron
spectrum. MIL-STD-75D METHOD 1017.1 is used to determine the 1 MeV (eq) while
the ASTM E722 (1994) standard outlines the approved method. The damage
effectiveness equivalence of the entire neutron source spectrum is reduced to a
monoenergetic source in order to determine the displacement damage effectiveness of the
entire neutron energy spectrum.

In order to limit the damage to only fast neutrons, all samples were enclosed in a
cadmium case before exposure to the reactor neutrons. Neutron energies below 0.45 eV
were assumed to be absorbed by the cadmium and not included in the neutron fluence.
The 1 MeV equivalent mono-energetic neutron fluence, ®¢q 1mev,mar 1S found using
Equation 1V.1.

[D(E)F, . (E)GE
(D 0

(IV.1)

eq,IMeV ,Mat — E
D,1MeV ,Mat

where ®(E) s the incident neutron energy-fluence spectral distribution, F; . is the
neutron displacement damage function for the irradiated material as a function of energy,

and Fy ;e wa IS the displacement damage reference value designated for the material for

1 MeV.

4.2 Electron Irradiation
Coulomb scattering is the primary interaction between an electron and a target
atom. The interaction can lead to both excitation and liberation of atomic electrons. In

addition, sufficient energy can be transferred to displace the target atom from its normal
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lattice positions [21]. The rate of displacement damage formation on MWCNT
composites lattice structure depends on both the displacement energy and the maximum
transferable energy during collisions [23]. The displacement energy depends on both the
energy binding the atom to the lattice and the angle of the interaction. The fraction of
energy transferred depends on the mass of the nucleus. The transfer energy Et"%" can be

expressed as

Etran = A% ;o520 (IV.2)

where 0 is the angle between the initial direction of the electron motion and the direction
of the scattered atom motion. The maximum energy is transferred in a head-on collision

(0 =0). The recoil atom can acquire the maximum energy given by

(E, + 2m,c?) g

e

(IV.3)

Effan = 2 M7
where the E[*&X value for each of the component of the MWCNT composite is shown in
Table 2. For low electron energies, or when @ is large, the initial kinetic energy of the
recoil atom is too small to overcome the lattice binding energy, so the electron impact
causes atomic vibration. If the electron imparts enough energy to the recoil carbon atom
to overcome the lattice binding energy, the atom can be dislodged from its position in the
lattice. The probability that a carbon atom will recoil with enough energy to become
dislocated is determined by the displacement cross section. The displacement cross
section ¢ is a function of energy and particle type. An electron of energy E traveling a

distance dx in a material with N atoms per unit volume will have a probability P of
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collision with a host atom proportional to o, dx and N.  The displacement cross section
can then be used to estimate the number of defects produced in an irradiating flux of
electrons [23].

The displacement energies of the constituents of MWCNT composites are also
listed in Table 2. The displacement energy of MWCNT calculated by [24] was between
15to 20 eV. The displacement energy is dependent on the diameter and chirality of the
nanotube. The displacement energies for oxygen, nitrogen and carbon in the epoxy were
taken from the Stopping and Range of lons in Matter (SRIM) software. For the purpose
of comparison and to evaluate how the SiO; glass is affected by the electron irradiation,

the maximum energy transferred to silicon was also calculated.

Table 2. Maximum Energy Transferred

Incident Max Energy Max Energy Max Energy Max Energy Max Energy

Energy Transferredto | Transferredto | Transferredto | Transferredto | Transferred to

(MeV) Carbon Atom Hydrogen Oxygen Atom | Nitrogen Atom | Silicon Atom
(eV) Atom (eV) (eV) (eV) (eV)

0.1 20 241 15 17 9

0.2 44 525 33 37 19

0.5 136 1634 102 117 58.3

Displacement 15-20 3 21 20 25

Energy (eV)

4.3 Radiation Effects on MWCNT Composites

During the course of this research, the MWCNT composite was exposed to

electron and neutron irradiation. Associated with these radiation sources are also x-ray

and gamma radiation. In order to determine the effects of radiation on the properties of

MWCNT composites, we need an understanding of the current state of knowledge
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regarding the defects caused by radiation on the constituent materials. The purpose of
this section is to discuss the effects of radiation induced defects on epoxy resin and

carbon nanotubes.

4.4 Radiation Effects on Epoxy Resin

Generally, equivalent dose gives equal damage regardless of the radiation type in
the epoxy resin. Charged particles with energy above the electron binding energy eject an
electron from the atom, resulting in ionization. Particles with energies below the binding
energy may form excited states that generate free radicals or other chemical species.
Gamma rays produce electrons by Compton scattering while neutrons may contribute to
ionization from recoil ions. Regardless of the type of radiation, when the incident particle
or photon interacts with the epoxy resin, it generates reactive, transient intermediate free
radicals. Radiolytic hydrogen gas from ruptured C-H bonds is formed in the epoxy
resin. The reactive radicals formed will interact with one another. If there are fillers in
the media, such as carbon nanotubes, the fillers will also react with those agents [27].

Materials exposed in a reactor are subjected to both neutrons and gamma rays.
Irradiation can permanently alter the electrical properties of epoxy resin systems due
either to chain scission or to cross-linking. Cross-links result in decreased elongation,
increased tensile strength, and increased modulus. Chain scissions result in brittleness,
fracturing, gas generation and de-polymerization. An increased in conductivity of the
epoxy resin indicating the production of ions or changes in the structure after irradiation
was reported by [28]. A decreased DC conductivity measurement after annealing also

provides evidence that structural effects are not the entire explanation for the changes
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Fiaure 10. Radiation induced damaae in MWCNT and CNT bundles 231.

from irradiation. Discharging of species during the irradiation is also a factor. A possible
degradation mechanism is the occurrence of dimensional changes of the resin which
could accompany cross-link, scission and/or evolution of gaseous radiolysis products.

The breakdown of composite properties may involve destruction of the bulk resin matrix.

4.5 Radiation Effects on Carbon Nanotube

Radiation effects on carbon nanotubes can be classified into two categories:
effects caused by ion irradiation and those caused by electron irradiation [25] . Effects of
electron irradiation on carbon nanotubes using Transmission Electron Microscope (TEM)
have been studied extensively [23] [24] [25] [26]. A TEM can be used to create damage
in the nanotubes in a controllable manner and monitor the irradiation effects. Effects of
ion irradiation on CNTs have also been studied extensively [29] [30]. lon irradiation of
CNT is also classified into two categories. The two categories are split between light and
heavy ions. Neutron, protons, helium and lithium ions are referred to as light, while other

chemical elements are treated as heavy ions. Both electron and ion irradiation induces
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defects on to the CNTs. In addition to the simple point defects, a number of more
complex defects can be formed in MWCNTSs. Examples of these defects are inter-shell
covalent bonds in MWCNTSs. Likewise, defect mediated covalent bonds between CNT
bundles can also appear. Figure 10 depicts the different types of defects that can appear.
The next several sections will examine recent studies conducted on the radiation effects

on CNTSs.

45.1 Experimental Studies (Electrons)

Early studies have shown that SWNTSs exposed to focused electron irradiation
were deformed and developed neck-like features due to removal of carbon atoms by
knock-on displacements [23]. Experimental studies demonstrated that the electron
energy creates defects non-uniformly. When the electron energy is not very high above
the displacement energy, carbon atoms are most rapidly knocked off from surfaces lying
normal to the beam. For higher energies, large-angle scattering dominates because of a
higher cross-section. Figure 10b shows how CNTSs in bundles developed cross links
between CNTs when irradiated with moderate doses. The result was a one to two order
of magnitude increase in the bundle’s conductivity [23]. Figure 10a shows the formation
of covalent bonds between the tube bundles which can also enhance the inter-tube
conductance. Figure 10c shows that at higher doses the crystalline structure of the
MWCNT become amorphous, which decreases the conductivity of each tube. Similar to
SWCNTSs, electron irradiation of MWCNTS resulted in the formation of vacancies on the
walls and subsequent destruction upon high-dose irradiation. MWCNTSs are more stable

under electron irradiation than SWCNTSs because atoms sputtered from inner shells
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Figure 11. Irradiation gives rise to current redistribution between the damaged
and undamaged tubes [23].

remain in the MWCNT, and Frenkel pairs created inside the MWNT can easily
recombine [23].

4.5.2 Experimental Studies (lons Irradiation)

The impact of low-dose ion irradiation on bundles of SWNTSs has been
experimentally studied [29]. The result suggests that irradiation gives rise to current
redistribution between the damaged and undamaged tubes, which can be interpreted as
evidence for the formation of irradiation-mediated links between individual MWCNTS in
the bundle. Figure 11 is an example of the phenomena. The links appear to be of the same
origin as the inter-tube links in electron-irradiated nanotube bundles. The formation of
covalent bonds between bundled-up nanotubes under impacts of low energy ions was also

reported by [24].
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45.3 Lightions: Proton Irradiation of Carbon Nanotubes

Experiment with high energy protons have recently been carried out and report by
[29]. Bucky paper, which represents a highly interconnected network of SWCNTS, was
irradiated with high-energy protons. Effects of the irradiation on the nanotubes
embedded into a polymer matrix were studied as well. The interest in the response of
nanotubes to proton irradiation was stimulated by the possible use of nanotubes in space
applications, in particular as components of solar cells.

The irradiation of MWCNT with 2 MeV protons causing the room temperature
resistivity of the carbon nanotube bucky paper samples to increase nearly linearly up to a
fluence of 7 x 106 ions/cm? was reported by [32]. Irradiation doses = 10 protons/cm?
completely destroyed the crystalline structure of the CNT sample. At lower dose, fusing
of nanotubes can occur similar to the welding induced by a focused electron beam.
Irradiation of overlapping nanotubes resulted in welding of nanotubes. Light ion
irradiation of nanotubes on a substrate also resulted in the pinning of the nanotubes to
metallic, graphite and silicon substrates. Irradiation-induced defects develop chemical
bonds between the nanotube and substrate atoms thus increasing the nanotube-substrate

adhesion.

4.6 Summary
The space environment as defined in [4] and [27] in conjunction with the work
from [1], [2], and [3] provided a starting point for material preparation, choosing

irradiation levels for testing, and deciding on specific measurement techniques to employ
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in this investigation. The radiation tolerances that satellite structural materials must meet

provided a good starting point for irradiation levels to investigate.

30



V. Experimental Procedure

5.1 Experiment Overview

This experiment measured radiation effects to the in bulk conductivity and
electromagnetic interference shielding effectiveness of four panels; three panels
consisting of MWCNT composites and SiO; glass in different layered arrangements, and
one panel consisting entirely of SiO, glass. EMI-SE and bulk resistivity of samples cut
from the four panels were measured before and after irradiation with 0.5 MeV electrons.
Pre and post EMI-SE and bulk conductivity of a second set of samples were measured

after 1.0 MeV Si (eq) neutron irradiation.

5.2 Description of the Tested Material

Nanocomp Technologies, Inc. (NCTI) manufactured all four panel used in this
research. Each individual nanocomposite panel is described along with the same
shorthand used in [2]. Four, 929 cm? panels were constructed from Cycom 5575-2 glass
with MWCNT layers as illustrated Figure 12. Cycom 5575-2 glass is a space grade glass
manufactured from SiO,. The first panel was made entirely from layers of SiO, glass
with no MWCNT and will be referred to as 8G. The second panel was made with four
layers of MWCNT plies and four SiO; glass layers and will be referred to as 4G/4CNT.
The third panel was made with two layers of MWCNT composite on the exterior and four
layers of glass in the interior. This configuration will be referred to as 2CNT/4G/2CNT.
The fourth configuration had alternating layers of MWCNT composite and glass and will

be referred to as G/CNT x4.

31



Glass CNT Glass
Glass CNT CNT
Glass Glass Glass
Glass Glass CNT
CNT Glass Glass
CNT Glass CNT
CNT CNT Glass
CNT CNT CNT
8G 4G/4CNT 2CNT/4G/2CNT G/CNTx4

Figure 12. Stacking Configuration of MWCNT Composites

All four, 8-ply test panels had a 3-harness satin weave, Astroquartz Il (S-glass)
fabric made from high purity 99.95% SiO, quartz crystals with Cycom 5575-2 cyanate
ester prepared resin. The three designs having carbon nanotubes (CNT) utilized multi-
walled CNTs (MWCNT) with an estimated length of 700 um, diameter 8 - 15 nm, 90 wt
%, and a concentration of 18.3 grams/m? (GSM) of MWCNTSs. The MWCNT bucky
paper contained no matrix material and was made entirely of MWCNTSs. The average
MWCNT/epoxy layer thickness was 84.89 um. The average glass layer thickness was
212.53 um and the average total thickness was 1.215 mm.

Eight panels of 7.0 cm x 2.54 cm (3 in X 1 in) strips were cut with a diamond
saw. In addition, 8 sticks of 20 mm x 2 mm were cut from the 8 panels for 4 probe
resistivity measurements. The dimensions and preparation procedures were chosen to
follow as closely as possible to those reported in [1] and [3] in order to reduce the
likelihood of introducing changes that may affect measurements and to provide for the
most accurate comparison to previous results. Conductivity and EMI-SE measurement
fixtures restricted the maximum sample sizes that could be measured. Moreover, the

beam area for the electron beam from the Dynamitron also limited the maximum useful
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sample size to a 2.74 cm diameter. Each 7 cm x 2.54 cm test specimen was cleaned with

isopropyl alcohol immediately after machining to eliminate undesirable fragments.

5.3 Resistivity Measurements

5.3.1 Theoretical and Historical Consideration

The purpose of this section is to provide a historical and theoretical development
of resistivity measurements. There has been considerable confusion in both literature and
current research on resistivity measurements. The confusion resulted from using the term
“ohms per square” or “ohms per cm” to describe the surface resistivity of materials. The
ESD Association describes surface resistivity in the following way: “For an electric
current flowing across a surface, the ratio of DC voltage drop per unit length to the
surface current per width.” Basically, the surface resistivity is the resistance between two
opposite sides of a square and is independent of the size of the square or its dimensional
units. Thus surface resistivity is expressed in ohms per square. However, when using a
concentric ring fixture, surface resistance is given in ohms.

A historical account on the source of this inconsistency was given by [36]. In
1954, [33] wrote about the four-point probe method to make surface resistivity
measurement on germanium transistors. Both the work of [33] and [34] assumed a three-
dimensional structure with one infinite dimension. The work of [33] and [34] were
expanded by Smits in 1958. Reference [35] defined a four-point probe method that has
become the semiconductor industry standard of measuring resistivity [36] . In that

publication, Smits develop the method of measuring the sheet resistivity of diffuse layers
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on various samples. He started with a current source in an infinite sheet which gives rise

to the logarithmic potential

I
(o—(poz—ﬁlnr (V.1)
2r
where: ¢ = the potential,
| = current,
ps = sheet resistivity, and

r = the distance from the current source.

A potential for a dipole then becomes

lp,, T,
@y =———=In—+ V.2
where r; and r, are the distance from the current source. In the case of the four point
probe on an infinite sheet, the two outside points represent a dipole. The potential

difference between the two inner points then becomes

Ap=V =—1Ps1n2 (V.3)

and can be rewritten as

P =Ap=——. (V.4)
In the case of a finite sheet, the method of images can be applied. Reference [35] made
several assumptions in order to apply the method of images. He assumed that only non-
conducting boundaries and equal spacing probes are considered. In addition, he assumed
that the boundary edges of the diffuse layer must be etched to prevent the back side of the

sample from acting as an alternate current path. Figure 13 is a depiction of the four point
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probe and the method of images used to develop the surface resistivity measurement. The
probes are arranged symmetrically with point spacing of equal distances. To obtain the
voltage between probes 1 and 2, an infinite arrangement of dipoles are considered. All

the dipoles contribute to the voltage between points 1 and 2.
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Figure 13. The four point probe method (left) and method of images (right) [35] .

Using the coordinate system in Figure 13, the potential is given in Equation V.5.

P—@, =V g, 2\/sin2£x+sinh2£y. (V.5)
2w d d

The equation gives the potential distribution for an infinites number of current sources,

arranged in a line and equally spaced [35] . With this expression, the problem is reduced

to a summation of lines of current sources with alternating sign in only one direction. In

35



the coordinate system, for every line of sources, the points 1 and 2 have the x-coordinate

zero. The expression simplifies to

7y -y

o0, =—'2i7;ln<ed—e Y (V.6)

Each line of sources then contributes to the voltage V the amount

7(Yats)  —m(¥p+9)
lp, e ¢ —e ¢
¢_¢0 =- 2 . In( Ty -y ) " (V'7)
7 d _pad
ed —e

The total voltage between points 1 and 2 is therefore

1
Vv :ZAgo:—lps—.
C(dj (V.8)

S

Expanding the logarithm in equation V.4 and summing each term as a geometrical series

yields the following equation

ps =Agp =!C(9j (V.9)

where V= voltage,

| = current,

ps= sheet resistivity,

C= a correction factor (depending on the dimension of the sample),

d = width of sample, and

S = probe separation.

With this solution, [35] also stated that it was possible to obtain body resistivity of
thin slices of the same finite geometries. The body resistivity of a thin sample can be

calculated by multiplying Equation (IV.9) with the thickness (w) of the sample.
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Similar to the works of [33] and [34], [35] never assigned a dimension to sheet
resistivity or bulk resistivity. It was not until 1962, that bulk resistivity was defined as
ohm-cm [36]. However, there was no mention of ohms per square or surface resistivity.
In 1968, the term “sheet resistance,” to define thin film resistor parameters was
introduced [36]. Reference [36] also reported that the term “number of squares,” was
considered a pure number with no dimensions. The sheet resistance has the unit of ohms,
but it is convenient to refer to it as “ohms per square.” The concept can be broadened to
include any arbitrarily shaped resistor. Reference [36] also stated that the four-point
probe is a useful tool to check the uniformity of thin-film resistors.

Due to the confusion caused by the naming convention and dimensions used in
resistivity measurements, it is necessary to thoroughly describe the measurement method
used in this research. In addition, a complete description of the experimental set-up and
material being tested is also required to alleviate any confusion. The next several

sections will discuss the method used to conduct bulk resistivity measurements, the

experimental set-up and procedures.

5.3.2 Four-wire Kelvin Method

Bulk resistivity measurements for this research were taken using a four-wire
“Kelvin” method as per IEEE 1650. Resistance measurements and I-V curve are often
made using the two-wire method shown in Figure 14. The test current is sourced through

the test leads and the device under test (DUT) resistance being measured. The meter then
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Figure 14. The Two Wire Resistance measurement [40].

measures the voltage across the DUT resistance through the same set of test leads and
computes the resistance value [38].

The main problem applying the two-wire method for low resistance
measurements is that the total lead resistance and contact resistance is added to the
measurement [39] . Equations VI.11 thru V1.13 show how resistance can be calculated

using Ohm’s law.

R1 = Rleadl + Rcontactl (V.11)
R2 = Rlead2 + Rcontact2 (V.12)
Vsense = I X (R1 + R2 + Rdut) (V.13)

Test current can cause a significant voltage drop across the lead resistances. As a
result the voltage measured by the meter will not be exactly the same as the voltage
directly across the test resistance, and considerable error can result. Lead can be, 1 mQ to
10 mQ, so it is difficult to obtain accurate two wire resistance measurements when the
resistance under test is lower than 10 Q to 100 Q [39]. The lead resistance would create
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Figure 15. The Four-Wire Resistance Measurements [40].

up to a 10% error. Measurements using the two probe method yielded resistivity values
ranging from 3.39 QO cm to 6.78 Q cm for the MWCNT composites. Measurements using
the four probe method yielded resistivity values ranging from 0.0014 Q cm to 0.0022 Q
cm. The resistivity measurements from the two probe method were three orders of
magnitude higher than the four probe method.

Due to the limitations of the two-wire method, the four-wire Kelvin connection
method shown in Figure 15 is used for low resistance measurements. In this
configuration, the test current is forced through one set of test leads, while the voltage

across the DUT is measured through a second set of leads.

R3 = Rlead3 + Rcontact3 (V.14)
R2 = Rlead4 + Rcontact4 (V.15)
Vsense = VR5 + I X Rdut + VR6 (V.16)

Therefore, I,,,,, = 0 and Vmeas = I X Rdut. A small current may flow through the
sense leads. However, it is usually minor and can be ignored [39]. The voltage drop

across the sense leads is small, so the voltage measured by the meter is the same as the
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voltage across the test resistance. Consequently, the resistance value can be determined
much more accurately than with the two-wire method. The voltage-sensing leads should
be connected as close to the resistor under test as possible to avoid including the

resistance of the test leads in the measurement [39].

5.4 Thermoelectric EMFs Compensation Methods
Thermoelectric EMFs, Johnson noise, magnetic fields and ground loops can

produce significant error in low resistivity measurements [39]. The noise voltage is given

by

where: k = Boltzmann’s constant,

T = temperature in Kelvin,

R = resistance in Q, and

B = the noise bandwidth in Hz.
Reducing the temperature, resistance, or noise bandwidth will reduce the overall circuit
noise. The thermoelectric EMFs can be canceled by making two measurements with
currents of opposite polarity. A positive current applied will have a measured voltage of

Reversing the current polarity yields the following voltage measurement:

V_ = VEMF — IR (V19)
The two measurements can then be combined to cancel thermoelectric EMFs:

Vy—1_ _ (Vemr + IR) — (Veyr — IR)

. . (V.20)

V=
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The measured resistance can then be calculated using Ohm’s law;

rR=Y
I

(V.21)

5.5 Resistivity of Bulk Materials (Volume Resistivity)

In order to eliminate lead and contact resistance in the bulk resistivity
measurement, the four-wire “Kelvin” method was used in this research. A method for
testing the resistivity of a bulk material such as a bar or a rod is shown in Figure 17. The
current source is connected to both ends of the sample. The voltmeter leads are placed a
known distance apart. The resistivity is calculated from the cross-sectional area of the

sample and the distance between the voltmeter leads:

-

where: p= resistivity in ohm-cm,
V= voltage measured by voltmeter,
| = source current,
t = thickness of sample,
w = width of sample,
L = length between probe in cm,
The inverse of the resistivity is conductivity. Conductivity in units of

Siemens/cm can be calculated using Equation V1.23.

o= (—) (V.23)
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Figure 16. The Four-Wire Resistance Measurements [40].

5.6 Experimental Set-Up

Figure 17 is a picture of the experimental setup. Four 7078-TRX-10 low noise
triax cables connected the Keithley 4200 Semiconductor Characterization System (SCS)
to an aluminum enclosure containing the high density polyurethane (HDPE) fixture. The
HDPE fixture was secured to the aluminum enclosure with two bolts. The HDPE fixture
contained four evenly spaced gold probes which were soldered to four triaxial
connectors. Probe 1, 2, and 3 were connected to the Keithley’s three source
measurement units (SMUs) while Probe 4 was connected to the Keithley’s ground unit
(GNDU).
5.7 Resistivity Measurement Procedure

Following the procedure reported in [1] and [3], resistivity measurements were
performed as follows. The sample was first thoroughly cleaned using isopropyl alcohol
and then allowed to dry. Next, the first sample was placed flat and centered on the four
probes ensuring it did not make contact with either of the two bolts along the sides. The

sample was kept in place by securing a second HDPE fixture on top with two finger-tight
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Figure 17. Bulk resistivity measurement setup. Keithley 4200 SCS on the left
and sample holder on the right.

retaining nuts. Figure 18 is a close-up picture of the test fixture. In order to reduce
electromagnetic interference, an aluminum cover was used. Measurements were taken by
sourcing current through probe 1 and measuring the voltage drop between probes 2 and 3.
The current was stepped from -10 to +10 mA and held for 3 seconds at each step to
reduce transient effects. As discussed in Section 5.4, the measurement was taken with
alternating current polarity in order to reduce thermoelectric EMF. With the current
across the sample known, the voltage drop across probes 2 and 3 was measured and the
resistance determined from Ohm’s Law as shown in Equation VVI1.21. The IV data were
plotted, where current is plotted along the x-axis and the voltage drop between probes 2
and 3 is plotted along the y-axis. The slope of the regression line was recorded as the

average resistance measurement of the sample. Equation V1.22 was then used to find the
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Figure 18. Resistivity test fixture used to mount samples.

resistivity of the sample. The conductivity was calculated using Equation V1.23. The
sample was removed from the holder and measurement for the second sample was taken
following the same procedure as above. This process was repeated for all four samples.
Additional measurements were taken for each sample to determine a distribution
associated with that measurement and to determine the 68% confidence interval for each
measurement [1], [3]. A total of thirty measurements were taken for each of the samples.
However, taking 120 measurements manually also led to several issues. After the first set
of measurements, the gold probes had to be replaced and re-soldered to the tri-axial
connectors. A second set of measurements were taken which measured a change in the
standard deviation for each of the samples. Following vacuum and irradiation,
conductivity measurements were repeated as described above. The time it took to
conduct the measurement also introduced additional error post-irradiation and post-
vacuum. On average, 120 measurements took 6 hours to complete. The samples were
exposed to the atmosphere and allowed to anneal for six hours in-between the first
measurement and the last measurement. The length of time it took to make the

measurements made it difficult to accounting for changes to the electrical property due to
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re-absorption of gas and annealing. In addition, finger tight on the first measurement was
not the same as figure tight on the last measurement.

Several factors were noted while taking the conductivity measurements that affect
measurement precision and repeatability. This is a result of the fabrication process
resulting in slightly different surface texture and MWCNT quantities on each face of the
panel. As mentioned in Section V, the resistivity measurement technigque can be used to
test the uniformity of the material. Initial measurements indicated that the samples were
not uniform. In order to increase the repeatability and precision of the measurement, the
sample was always placed in the same orientation. A red mark was made on the side of
each sample and the samples were always placed in the holder with the red dot on the
right hand side facing toward the inside of the holder.

Additional measurements were used for comparison to the primary measurements
described previously. This was first conducted by placing the sample in the holder as far
to one side as possible, so as to contact the bolt on that side. This method was not desired
due to the potential for the bolt to provide an alternate conductive path to the outside,
thus negating the purpose of the aluminum box. In addition, the placement caused an
uneven contact between the sample and the four probes. The displaced sample had 18 %
larger resistivity than the centered sample. This indicated that the contact with the side
bolts provided an alternate conductive path to ground. As a result, a larger voltage drop
between probes two and three was measured. According to Equation V.22, the increase
in voltage drop would increase the resistivity measurement. Placing the sample in the

center of the fixture prevented this error in the resistivity measurement.
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Figure 19. Copper samples used to verify surface conductivity measurements.

A second additional test was conducted using three different copper samples. Each
copper sample was cut from three different gaskets with different dimensions. The
copper samples, Figure 19, had a smoother surface and were more uniformed than the
MWCNT composite sample and were therefore expected to show smaller standard
deviation in the measurement values. The average bulk resistivity for the copper samples
is listed in Table 3. The accepted value for surface resistivity of copper is 1. 68 X

107 Q cm, as listed in [37]. The measurements indicated that the test fixture was
appropriate for measuring low resistance material. The difference in the measured
resistivity was due to the thickness of the copper sample. The thinner the sample, the

closer the bulk resistivity was to the accepted value for surface resistivity.

Table 3. Resistivity of the three copper samples

Copper Width Thickness Mean Standard
(cm) (cm) Resistivity Deviation
(Q cm) (+/-)
1 0.2855 0.2011 9.36x10° 2.0x10°
2 0.2251 0.0627 1.58x10° 1.8x10°
3 0.3000 0.0534 1.61x10° 1.0x10°
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5.8 EMI Shielding Effectiveness Theory

This section will address the concept and theoretical development of EMI
shielding effectiveness. The analysis of electromagnetic shielding effectiveness should
begin with the quantum theory of materials. However, for the purpose of this research,
the classical electromagnetism will be used as the theoretical basis. The concept of
shielding refers to a metallic enclosure that completely surrounds an electronic device
that either radiates or is susceptible to electromagnetic interference. The shield serves
two purposes: to exclude EMI from disrupting normal functions of internal electronics,
and to prevent radiated emissions from interfering with external electronic components.

Only EMI-SE against an external source will be examined.

5.8.1 Theoretical Consideration

The mechanisms through which power is lost through the shielding materials are
quantum in nature (i.e., on the atomic and crystal lattice levels). In order to understand
the influence of each shielding mechanism on the overall EMI-SE of a MWCNT
composite, a model quantifying the EMI-SE of a homogenous conductive plate
attenuating the EM far-field radiation will be discussed. For far-field radiation, the
incident field impinging on the shield will resemble a uniform plane wave. When an
electromagnetic plane wave is incident on a solid conductive material having different
intrinsic impedance than the domain in which the EM plane wave was traveling, two
waves will be created at the interface: a reflected wave (Er) and a transmitted wave (Et)

through the barrier. Figure 20 depicts this process.
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Figure 20. Electromagnetic wave propagating through a solid conductive
material [6].

The total shielding effectiveness of the barrier is then defined in decibels as

E. V.24
E, (V.24)

where E; is the transmitted wave and E; is the incident wave. In this form of the equation,

SE =20 l0g10

the SE will be negative.

There are several phenomena that contribute to the reduction of the incident field
passing through the barrier. Figure 20 shows some of these phenomena. The first is
reflection at the near side surface of the barrier. The portion of the wave that crosses this
surface proceeds through the shield wall. As it passes through this conductive medium,
its amplitude is attenuated according to the factor e ~¢/%, where t is the thickness of the
barrier and ¢ is the skin depth of the barrier material. The skin depth is the distance it

takes to reduce the amplitude of the incident field by a factor of 1/e. Increasing shield
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Figure 21. Multiple internal reflections.

conductivity, magnetic permeability and EM wave frequency will decrease the skin

depth.
The skin depth (d), can be approximately calculated using
5= fi (V.25)
wWUo
where

M = magnetic permeability of the material,

o = the conductivity of the material, and

o = the frequency of incident wave.

The total shielding effectiveness is broken down into reflection loss, absorption

loss, and multiple reflections. These factors are given in decibel in Equation V1.26.

SEdB = RdB + AdB + MdB (V26)

The loss due to reflection is
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No

4Mm
where 7, is the intrinsic impedance in free space and 7, is the intrinsic impedance of the

conductor. For electromagnetic plane wave in free space, the conductivity (o) is equal to

zero. Therefore, n, =/ 1,/ €, Where [, and ¢, are the permeability and permittivity of

free space. For conductive materials, ¢ > we, yields

E f jou /jwu
=|=| = = V.28
hm |H| o+ jwe o (v.28)

Assuming U=, Mr and ¢ = &,, Equation V.27 can then be rewritten as

1 o
= - V.29
Ras = 20l0gio| 7 " (V.29)
The loss due to absorption is
3
Ay = —20logqg |€3 (V.30)
The loss due to multiple-reflection
L3
Myg = —20logqio |1 — s (V.31)

According to Equation V.30, The amount of energy absorbed increases with an
increase in the shield thickness and decrease in skin depth. If the thickness of the shield is
much greater than the skin depth of the barrier at the frequency of the incident wave, the
wave is greatly attenuated as it travels through the barrier before it strikes the far side
interface. The reflected portion of this wave is transmitted back through the barrier and
strikes the near side interface. Portions of the wave transmitted through the right interface

add to the total field that is transmitted through the entire shield. The reflected and
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transmitted fields are progressively attenuated by their travel through the conductive
barrier. According to Equation VI1.31, if the thickness of the shield is much greater than
the skin depth, the multiple reflection and transmission can be disregarded because Mgs
will be a relatively small number. However, if the thickness of the shield is smaller than
the skin depth, the Mg significantly decrease the total EMI-SE. Table 4 is an example of
how skin depths can affect the overall EMI-SE of copper. The skin depth at frequency of
8.4 GHz, relative permeability and relative conductivity for copper was used to calculate

the values in Table 4.

Table 4. The effects of skin depths on overall EMI-SE.

Skin Thickness of Ras Ads Mgs SEgs
Depths(m) | Shield (m)
Thick 6.15%10° .00001 -111 -14 -0.34 -125
Shield
Thin 6.15x10° 1x10° -111 -.001 69 -45
Shield

5.9 Measurement Technique
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Figure 22. Network Analyzer used to measure EMI-SE.

Figure 22 is the EMI-SE measurement set-up. All EMI-SE tests were performed at
the AFRL Materials and Manufacturing Directorate (AFRL/RX) at room
temperature and pressure. EMI measurements were conducted with the Agilent
Technologies E8362B PNA Series Network Analyzer before and after vacuum and
irradiation. The network analyzer is a common tool used to measure the shielding
effectiveness of materials. The instrument compares an unknown signal with a
reference signal of the same frequency. The impedance of the input line has been
carefully designed to “match” the impedance of the source, and the impedance of
the output line is matched to the impedance of the load or detector terminating the
output of the device. The network analyzer maintains these conditions for test
frequencies of 8.2 GHz to 12.4 GHz (X-Band) when the test sample is being
measured. Calibration procedures were performed prior to conducting each EMI-
SE measurements on the network analyzer.

Appendix A outlines the calibration steps performed and they were necessary to

collect accurate data for the frequency range of 8.2 GHz— 12.4 GHz. The purpose of the
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Figure 23. Sample holder for EMI-SE measurement.

calibration is to determine several undesired parameters that may be removed or

suppressed from the test sample data by subsequent mathematical operations [41].

5.10 EMI-SE Measurement Procedure

The samples were first thoroughly cleaned using isopropyl alcohol and allowed to
dry. EMI-SE measurements were taken at the same locations for each specimen, with 201
continuous sweep points, and auto-correction selected on the network analyzer. Figure 23
illustrates how each specimen was secured horizontally between the adapters for
measurements. A red waxed pencil was used to mark the side of each sample to ensure
measurements were taken at the same location. A second set of red marks was used to
ensure electrons from the irradiation fell on the same measured location.

Several factors were noted while taking the EMI-SE measurements that affect
measurement precision and repeatability. A modified mounting method was used to take
the EMI-SE measurement. The sample panels had to be a certain dimension in order to be
used for follow on mechanical stress experiments. As a result, the panels did not fit the
network analyzer ports correctly. The samples protruded from the side of the ports as

shown in Figure 23. In addition, the modified setup made it difficult to mount the sample
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the same way for each measurement. How tightly the panels were held together between
the ports with the four mounting screws also affected the EMI-SE measurements. The
modified setup introduced additional error in the EMI-SE measurements. In order
account for the variation in the measurement caused by the modified set-up, the samples
were removed in between each measurement. A total of thirty measurements were taken

for each of the four samples.
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V1. Sample Irradiation

6.1 Overview

Electron irradiation was conducted at Wright State University’s Dynamitron
facility. The 1.6-MeV Dynamitron accelerator boils electrons from a hot filament and
accelerates them with a voltage drop of up to 1.6 million volts. These electrons can then
be made to impinge on targets for purposes of analysis or radiation damage. The
electrons exiting the accelerator and pass through an evacuated beam line to the sample
chamber. The samples are mounted in the sample chamber on a cold head that is used to
keep sample heating to a minimum. The cold head is electrically isolated from the rest of
the beam line and is connected to a current integrator on the main control rack for the
purposes of determining electron fluence.

Pre-irradiation calculations were conducted to verify the appropriateness of the
energy range and to ensure the correct fluence would be applied for each irradiation.
Average electron energy of 0.5 MeV was chosen for comparison with previous work and
based on results from CASINO® electron simulation. The results from the simulation
indicated that the most energy was deposited within the MWCNT composite using 0.5
MeV electrons. The mass of the samples was measured and the density calculated using
the dimension of the panels. An average density of 2.62 grams/cm? for the MWCNT
composite layer was used for the CASINO® electron simulation.

In addition, the sample is held in a vacuum of 10 Torr during electron
irradiation. To determine if any observed changes in conductivity or EMI-SE could be

attributed to out-gassing, a vacuum check was conducted. All of the samples were placed
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in the sample chamber and exposed to a vacuum of 10°° Torr for approximately 24 hours.
The sample were then removed and EMI-SE and conductivity measurements taken. A

detailed discussion and analysis of the result will be presented in Chapter VII.

6.2 Dynamitron Electron Irradiation

The primary instrument readouts used when operating the Dynamitron Electron
Accelerator are electron energy, beam current and total Coulomb count. As discussed
previously the electron energy used for initial irradiations was 0.5 MeV. The beam
current used was 6 pPA and the charge count varied with desired fluence level. The
coulomb count was determined according to Equation V1.1 to ensure the correct electron

fluence was achieved.

Desired Fluence X Charge per Electron X Beam Area
Count = (VL.1)
Full Scale Factor

The charge per electron is1.602x10"C , the beam area was 2.74 cm in diameter and the
full scale factor was 6 pA. Through the use of Equation V1.1 and using the recorded
parameters, a coulomb count of 1572 was desired to achieve a fluence of 10*° electrons/
cm?.
Figure 24 depicts the mounting method used for the MWCNT composite samples.

Two sided scotch tape was used to ensure the samples were secured to the cold head.

The cold head was then attached to the end of the beam line and electrically isolated. In
order to prevent any thermal damage from the electron beam, water was used to cool the

cold head and ensure the samples were maintained at room temperature. The beam line

was placed under vacuum to a level of 107 Torr.
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Figure 24. Samples mounted on the cold head. Sample for EMI-SE on the left and
samples for resistivity measurements on the right. The blue circle indicates the
electron beam spot.

After the first electron irradiation, the sample was removed from the cold head
and post irradiation resistivity measurements and EMI-SE measurements were taken
approximately 1 hour post irradiation. Table 5 summarizes the operating parameters for
each irradiation. Parameters for Irradiation #1 was the same for all MWCNT composites
sample configuration. Parameters for Irradiation #2 thru #4 were used for 3 different
samples of 2CNT/4GL/2CNT to investigate the possibility of transient ionizing radiation

effects on the MWCNT composites.

Table 5. Electron irradiation operating parameters

Electron Energy Fluence Coulomb Count F.S. Factor Vacuum
(keV) (e/cm?) [C] [LA] [Torr]
Irradiation #1 500 1x10"° 1572 6 10
Irradiation #2 100 3.75x10% 1572 2 10
Irradiation #3 200 1x10"° 1572 6 10
Irradiation #4 500 1x10"° 1572 6 10
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6.3 Neutron Irradiation

Neutron irradiation was conducted at the Ohio State University Research Reactor
(OSURR). The OSURR is a uranium reactor surrounded by a 20 foot deep pool of water.
The pool provides cooling, neutron moderation, and gamma shielding. A vertical
irradiation chamber was used for these experiments. The irradiation chamber consists of
a 20.5’ long, 7” outside diameter aluminum tube (6061 T6 aluminum) with walls 0.125”
thick. The chamber was moved into contact with the reactor with the top of the chamber
tube against a bracket during each experiment. The chamber allowed access to the high
neutron flux position adjacent to the reactor core while allowing easy access for the
samples and mounting apparatus. The basic configuration is shown Figure 25. The
reactor can operate continuously at full power up to a maximum of 500 kW. The average
thermal neutron flux in the core is approximately 5 x 1012 neutrons/cm? s. The samples
were placed in a cadmium box in order to shield from thermal neutrons. The cross section
is 5 orders of magnitude greater for neutron absorption in cadmium compared to carbon
at energies below approximately 0.45 eV. Therefore in the 1 MeV equivalent
calculations we assumed that neutrons below 0.45 eV are absorbed by cadmium.
Neutrons of energy greater than 1.5 eV pass through cadmium with little attenuation.

Equation 1VV-1 was used for the 1 MeV equivalent mono-energetic neutron
fluence conversions in the 7 inch dry tube. Eax and Emin Were set at 1.8 MeV and 0.5 eV

upper and lower limits in the integral in Equation IVI.1. F, . for each energy is found

in table A1.1 of ASTM E722. The values in table A1.1 were multiplied by 3.45x10 **to

convert to rad (Si)-cm?. Fo 1vev mae 1S given in ASTM E722 as 95 MeV-mb. Simpson's
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rule was then used to carry out the integral in Equation VI1.1. The resulting 1 MeV (eq)
neutron flux in the 7 inch dry tube beam port is equal to 10** neutrons/cm? for a power
setting of 450 kW. Using the desired neutron fluence and the neutron flux the total
amount of time of irradiation was determined to be 16 minutes and 40 seconds achieve a
total fluence of 10™ neutrons/cm? s. However, since the samples were exposed to
neutrons as the reactor is powered up and powered down, a lower power and longer
irradiation time is desired. Running the reactor at a lower power reduced the flux and a
longer irradiation time was necessary in order to irradiate the sample to the same fluence.
This was done by taking the 1 MeV (eq) neutron flux at 450 kW and scaling to the 1
MeV (eq) neutron flux at 100 keV. The 1 MeV (eq) neutron flux at 100 keV was

6.67 x 101° neutrons/cm?s. To achieve a fluence of 10'* neutrons/cm? the reactor was

operated for 75 minutes. Table 6 contains the parameter used in the irradiation.

Table 6. OSURR irradiation setting

Fluence Flux Reactor Irradiation
Neutrons/cm? Neutrons/cm? s | Power Time
(kW) (minutes)
Initial Setting | 1.0x10™ neutrons/cm? 1.0x10" 450 17
Irradiation #1 | 1.0x10™ neutrons/cm? 2.2x10%° 100 75
Irradiation #2 | 1.0x10™ neutrons/cm? 6.7x10% 300 250

A LEO satellite experiences a fluence of 10¢ protons/cm? during its 35 year life
cycle. The first step to find the neutron NIEL equivalent is to find the NIEL rate for
protons. This is accomplished using figure 3.24 in [27]. It is important to note that the

conversion factors were created for silicon. Applying this chart to our MWCNT
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Figure 25. Ohio State University Research reactor.
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composites introduces error in our calculations. The NIEL rate for protons is 50 keV
cm?/g. The proton NIEL rate multiply by the proton fluence yields 5.52 x 1017 keV
proton/g. To calculate the neutron equivalent NIEL, the proton NIEL is divided by the
neutron NIEL. This is equal to a fluence value of 5.02 x 10*° neutrons/cm?. However,
for comparative purpose, the same fluence levels for irradiation were used as [1]. The
samples were irradiated with 1MeV (eq) neutrons to fluence levels of 101* neutrons/cm?

and 1015 neutrons/cm?.
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VI11.Results and Analysis

7.1 CASINO® Simulation Results

The CASINO® electron simulation code was used to predict the suitability of the
energy range applied for each irradiation. The results are depicted in Figure 26 through
Figure 27. The three figures show the penetration depth of electrons in the different test
sample configurations. The stopping point for the simulated electrons and most of the
electron energy is predicted to be deposited in the final 10% of the electron’s range. The
energy distribution would be spread-out slightly to the left of the penetration depth.

For 1.0 MeV electrons, the majority of the electrons are deposited in the cold-
head of the Dynamitron as shown in Figure 26. Figure 27 shows results for 500 keV
electrons on the four different samples. The majority of the electrons deposited their
energy in the samples. However, it is difficult to determine whether the energy was
deposited in the SiO; glass layer or the MWCNT composite layer. Figure 28 shows the
penetration depth of 100 keV and 200 keV electrons. For lower energy level, most of the
electron energy was deposited in the first two layers of the MWCNT composite. The
three simulation results confirmed the best selections for electron energy are between 100

keV and 500 keV.
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Figure 26. Results of CASINO® simulation showing electron penetration depth of
1 MeV electrons. The four separate figures show the four different sample types
as noted in the headings. The dash line represents the sample (to the left of the
dashed line) and cold-head (to the right) interface.
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Figure 27. Results of CASINO® simulation showing electron penetration depth of
0.5 MeV electrons. The four separate figures show the four different sample types
as noted in the headings. The dash line represents the MWCNT (to the left of the

dashed line) and SiO, (to the right) interface.
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Figure 28. Results of CASINO® simulation showing electron penetration depth of
0.1 and 0.2 MeV electrons. The 2 separate figures show the same sample as noted
in the headings. The dash line represents the MWCNT (to the left of the dashed
line) and SiO, (to the right) interface.

7.2 Pre-characterization Results and Analysis

7.2.1 Initial Conductivity Results and Analysis

Table 7 contains the pre-vacuum and pre-irradiation conductivity of the MWCNT
composites. Due to the high resistivity of SiO, glass (> 10'® Q cm) Error! Reference
source not found., measurements could not be taken with the resistivity test fixture. The
fixture and test method was specifically designed to measure low resistivity samples.
Nevertheless, several attempts were made to measure the resistivity of SiO, glass with
the test fixture. The values measured ranged from 1 Q cm to 10° Q cm which were
several orders of magnitude from the accepted value for SiO,. As mentioned in section
5.7, the test fixture was used to measure the resistivity of copper, a low resistance metal.
The fixture was able to accurately measure the resistivity of three different copper

samples. The resistivity of
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MWCNT composites are not as low as copper. However, they are on the order of 10
Q cm which is only three orders of magnitude higher than copper. On the other hand, the

resistivity of SiO, glass is more than 12 orders of magnitude greater than that of copper.

Table 7. Conductivity results from vacuum check (10° Torr)

Mean ACNT/4G | +/- | 2CNT/4G/2CNT | +/- | G/ICNTx4 | +/-
Conductivity (S/cm) (S/cm) (S/cm)
(S/cm)

Pre- 662 11 455 3 459 12
Vacuum(1)

Pre- 685 4 453 58 501 27
Vacuum(2)

Post 674 11 451 7 467 15
Vacuum

Table 7 also has two sets of pre-vacuum measurements. A wire connecting a gold
probe to the tri-axial connector on the resistivity test fixture broke after the first set of
measurements. As a result, all the gold probes were replaced and re-soldered to the wires
leading to the tri-axial connectors. The two sets of measurements are shown to illuminate
several observation made by [1]. The new probes were in better contact with the test
sample. As discussed by [1], the probes were able to push through the epoxy layer and
make better contact with conductive pathway of the MWCNTSs. There was an increase
in the measured conductivity of the 4CNT/4AGL and CNT/GLx4 sample between the two
pre-vacuum measurements. The increased in conductivity can be attributed to the new
gold probes making better contact with the test sample. On the other hand, the
conductivity of the 2CNT/4G/2CNT had a slight decrease in conductivity that was within
the standard deviation of the first measurement. The standard deviation, however,
increased to + 58 S/cm. This can be attributed to the unique uneven surface of the

2CNT/4G/2CNT sample. The uneven surface made it difficult to place the sample stick
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in the same position for each measurement. As a result, the current took a different path
through the conductive layer during each measurement and increase the standard
deviation.

7.2.2 Initial EMI-SE Results and Analysis

Figure 29 is the EMI-SE of MWCNT composites prior to vacuum test and
irradiation. The thin line is the actual EMI-SE signal of each of the sample panels. The
thicker line is a Savitzky-Golay smoothing filter that is commonly used to smooth out
noisy digital signals. Pre-characterization results were consistent with the focused beam
test results reported by [2]. The focused beam test was performed with a custom made
Georgia Tech Research Institute device. The device is capable of measuring EMI-SE
between 2GHz -18GHz. EMI-SE measurements were taken with the focused beam using
30.5 cm x 30.5 cm panels of the MWCNT composite. Measurements from the focused
beam test were used to validate EMI-SE measurements from the network analyzer.

The control sample containing only SiO, glass layers had nearly zero EMI-SE (-
0.7dB £ 0.3dB). The 2CNT/4G/2CNT sample had the highest average EMI-SE at -84.37
dB + 0.01dB and the CNT/GLx4 sample had the lowest EMI-SE at -71.94 dB + 0.01 dB.
The 4CNT/4GL sample had a lower magnitude of EMI-SE than what was measured by
the focused beam test. The 4CNT/4GL sample had an EMI-SE of -74.06dB = 0.01dB as
measured by the network analyzer and -87.497 dB as measured by the focused beam test.

All three composite panels had the same 90 %wt of MWCNT and the same

relative thickness. However, they did not have the same shielding effectiveness. The
2CNT/AG/2CNT sample had the highest EMI-SE and both the 4CNT/4GL and the

CNT/GLx4 sample had roughly the same EMI-SE as measured by the network analyzer.
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Figure 29. Pre-characterization of EMI Shielding Effectiveness. The thick line
represents a Savitzky-Golay smoothing filter of the EMI signal.

However, the 4ACNT/4GL configuration had a much higher EMI-SE when measured with
the focused beam as reported by [2]. The difference in the measured SE may be a result
of delamination when the sample was cut from the larger panel that was used for the
focus beam test.

The CNT/GLx4 had the least EMI-SE even though it had an equal percent weight
of MWCNTSs and same thickness as the other two panels. This can be explained using

the shielding theory as discussed in section 5.8.1. If the thickness of the shield is greater
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than the skin then the multiple reflection component of the total SE is negligible. If the
thickness of the shield is less than skin depth, than the Mg component decrease the
overall EMI-SE of the composite. However, theoretical calculation indicates that the
thickness of the MWCNT layer for all three samples is greater than the skin depth and
that multiple internal reflections had negligible effects on the overall EMI-SE. As
indicated in Table 8, the primary power loss mechanisms through the MWCNT
composite are from reflection and absorption. The theoretical EMI-SE is much higher
than the measured experimental value. The differences between the results are due to
several factors. Using the thickness of the MWCNT composite instead of the thickness
of the carbon nanotube bucky paper resulted in a much higher EMI-SE calculation. In
addition, the MWCNTSs are hollow structures. Internal reflections within the nanotubes
are also not taken into account in the theoretical calculation. A third factor not taken into
account is the multiple reflections between the external layers of the MWCNT composite.
The three factors resulted in a much higher estimation of the composites’ EMI-SE as

compared to the experimental value.

Table 8. Effects of Skin Depths on EMI-SE of MWCNT

Freq Skin Shield Rz | A M | Theory | Experiment

(Hz) Depths (cm) B SE s SEgs
2CNT/AGL/2CNT 8.4 | 0.0000257 | 0.0172 | -36| -116 | O | -152 -84
4CNT/4GL 8.4 | 0.0000213 | 0.0344 | -39 | -140 | O | -179 -74
CNT/GLx4 8.4 | 0.0000245 | 0.0086 | -36 | -116 | 0 | -152 -71
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7.3 Post Vacuum Result and Analysis

Table 7 contains the conductivity results from the vacuum check. The G/CNT x4
sample had a 6.8% decrease in conductivity. However, the decrease can be attributed to
using new probes which caused additional variations in the measurement. The 4CNT/4G
and 2CNT/4G/2CNT had a 1.6% and 0.44% change respectively. Figure 30 is the EMI-
SE results from the vacuum check. Two vacuum checks were conducted. The first used
an external turbo pump that brought the MWCNT composites under vacuum to 10 Torr
for less than 24 hours before malfunctioning. The second vacuum check involved using
the Dynamitron. The MWCNT composites were placed in the sample chamber of the
Dynamitron and sealed. The air was then evacuated from the beam line. The samples
were under a vacuum of 10~ Torr for approximately 24 hours. This is the same vacuum
level the sample will experience during the electron irradiation. The samples were then
removed from the Dynamitron and EMI-SE measurements were taken. The process was
repeated using samples for the resistivity measurements. On average, the measurements
were taken approximately 1 hour immediately following the vacuum test. Table 9
contains the average EMI-SE of the MWCNT panels post vacuum. Changes were on the

order of the pre-vacuum standard deviation.

Table 9. EMI-SE Vacuum Test

Pre-Vacuum Vacuum Test 1 Vacuum Test 2

Mean EMI- + Mean + Mean +
SE (dB) (dB) EMI-SE (dB) EMI-SE (dB)

(dB) (dB)

8GL -0.700 0.30 -0.70 0.30 -0.8 0.30
4CNT/4AGL -74.06 0.01 -77.49 0.01 -73.13 0.02
2CNT/4GL/2CNT -84.37 0.01 -87.23 0.01 -86.05 0.01
CNT/GLx4 -71.94 0.01 -73.01 0.02 -69.29 0.02
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Figure 30. A comparison of changes to the MWCNT composites post vacuum.
The four separate figures show the four different sample types as noted in the
headings.

As discussed in section 3.6, electrical properties of MWCNT can be changed by
absorbing gaseous species in the atmosphere. Although the changes to the electrical
property of the MWCNT composites were insignificant, for future research consideration
and thoroughness, an analysis of the vacuum effects are presented. The 4CNT/4GL and
the CNT/GLx4 sample both had minor increased in conductivity post vacuum. This

would suggest that placing the samples in a vacuum desorbed them of reducing species
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such as CO,, similar to what was reported by [18]. The CO, acts as an electron trap in
the MWCNT composite that reduces the number of available conducting electrons and
thus reducing the conductivity of the composite. After 48 hours, the conductivity returned
to its original value due to re-absorption of these molecules.

Vacuum effects on EMI-SE were consistent with the increase in conductivity.
Sample 4CNT/AGL and sample 2CNT/ACNT/2CNT had roughly a 3 dB increase in EMI-
SE. Whereas sample CNT/GLx4 had a 1 dB change in shielding effectiveness. The
change in EMI-SE can also be attributed to the removal of air between the layers of the
MWCNT composite. The air, having different impedance than the surrounding material,
can act as another layer in the composite. Removing the air is like removing an
additional layer in the MWCNT composite. This would decrease the multiple reflection

component of the overall shielding effectiveness resulting in a higher overall EMI-SE.

Table 10. Mean EMI-SE Post Electron Irradiation

Pre- Post 24 Hours 48 72 96
Irradiation Irradiation Hours Hours Hours
Sample Mean Mean Mean EMI- | Mean EMI- | Mean EMI- | Mean EMI-
Configuration EMI-SE (dB) EMI-SE (dB) SE (dB) SE (dB) SE (dB) SE (dB)
8GL -0.7 -0.7 -0.7 -0.7 -0.7 -0.7
4CNT/4GL -74.06 -86.04 N/A N/A -84.23 -71.61
2CNT/4GL/2CNT -84.37 -100.58 -99.68 N/A N/A -86.29
CNT/GLx4 -71.94 -78.41 -79.40 -78.5 -73.78 -73.27

7.4 Electron Irradiation Results

Table 10 contains the average EMI-SE values for all the MWCNT composites

post irradiation. Table 11 contains the changes to conductivity of the test material post

electron irradiation. Figure 31 thru Figure 34 is a comparison of changes to conductivity
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Table 11. Conductivity Post Electron Irradiation (10 electrons/cm? @ 500 keV)

Mean 4CNT/4G +/- 2CNT/AG/2CNT +/- G/CNTx4 +/- All-

Conductivity (S/em) (S/cm) (S/lcm) | Glass
(S/em)

Pre-Characterization 685 4 453 5 501 27 N/A

Post Irradiation 668 11 439 7 407 15 N/A

and changes to EMI-SE post irradiation. Figure 31 shows an increase in both conductivity
and EMI-SE post irradiation in the 4CNT/4GL sample. Also, measurements taken over
time showed both EMI-SE and conductivity of the sample returning to pre-irradiation
levels. Figure 32 also showed the same trend for the 2CNT/AGL/2CNT. Figure 33
contains the EMI-SE and conductivity measurement of the CNT/GLx4 sample. Unlike
the first two samples, the CNT/GLx4 showed a decrease in conductivity post irradiation.
In addition, the EMI-SE measurement did not follow the same increasing and then
decreasing trend. Figure 34 is a comparison of the four MWCNT composite samples post

electron irradiation.
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-50 ; .
— Pre-Irradiation 0k — Pre-Irradiation
-85 Post-Irradiation-1 hour [ Post-Irradiation
= 72 hours
% -0 — 95 hours mor
@
B8 =
© g 700+
=
g -0 1 @
b= & 5 1A
i I o A
5, | s T il
2 :
c
T B 1 ©
° &70
= 4
W 50
&80 |
a5 ]
40 ‘ L ‘ L ‘ ‘ &0 ‘ . , .
08 085 09 0% 1 105 11 1058 12 125 0 ] 100 180 200 250
Frequency(Hz) 10" Time(Hours)

Figure 31. Changes over time to EMI-SE (left) and conductivity (right) of
4ACNT/4GL sample after electron irradiation.
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Figure 33. Changes over time to EMI-SE (left) and conductivity (right) of
2CNT/AGL/2CNT sample after electron irradiation.
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Figure 32. Changes over time to EMI-SE (left) and conductivity (right) of
CNT/GLx4 sample after electron irradiation.

7.5 Electron Irradiation Analysis
As discussed in Chapter IV, CNTs behave drastically different than other
materials. Unlike materials such as graphite and amorphous carbon, MWCNT

composites conductivity can be enhance when exposed to low level of radiation. Under
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noted in the headings.

normal conditions, CNTSs in bundles interacts with one another through the van der Waal
forces. The van der Waal force is an attractive force between MWCNTSs as a result of
temporary fluctuating dipoles. This is a relatively weak force as compared to an ionic or
covalent bond. When the CNTs bundles are exposed to electron irradiation with enough
energy to displace the carbon atom from its normal lattice position, cross-links can occur.
Dangling bonds left behind from the displaced carbon atom can form covalent bonds or

cross-links between CNT bundles and between layers of MWCNT. The cross-links
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provide additional networks or pathways that allow electrons to travel through the
network of MWCNT more easily. The increase in the ability of the electrons to move
through the composite increased the conductivity of the MWCNT composites.
Quantitatively, according to Equation IV-1, the additional networks increased the
probability of the electrons traveling through the material. The increase in the
transmission coefficient (T) increased the conductance (G) of the material.

In addition to cross-links within the MWCNT, bridging within the epoxy resin
and reaction between the epoxy resin and MWCNT can also increase the conductivity of
the composite. Reference [47] describes a possible reaction between the CNT and the
epoxy resin. As discussed in section 4.4, when the incident particle or photon interacts
with the epoxy resin, it generates reactive, transient intermediate free radicals. Radiolytic
hydrogen gas from ruptured C-H bonds is formed in the epoxy resin. The radicals
formed will interact with one another. In the presence of fillers such as carbon
nanotubes, the free radicals will react with the CNT to form permanent covalent bonds.
Figure 35 depicts a potential reaction between CNTs and free radicals produced from the
scission of the epoxy resin. The pinning of the CNTSs to its substrate has also shown an
increase in tensile strength of the composite [47] .

It is difficult to determine to what extent the changes to the conductivity can be
attributed to cross-links between the polymers in the epoxy resin, reaction between the
epoxy resin and MWCNTSs or bridging within the MWCNT network. Calculations of
maximum energy transfer from the electrons irradiation discussed in section 4.2 and
listed in Table 2, demonstrated that the electrons used in the irradiation had enough

energy to displace the different atoms of the composite. The hydrogen, nitrogen, oxygen,
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Figure 35. A potential reaction between CNTs and epoxy resin [47]

and carbon atoms could all be displaced from their normal lattice position in the
MWCNT and epoxy resin. In addition to displacement damage, scission of the polymers
in the epoxy resin is also occurring. Long complex polymer chains are broken up into
smaller reactive species. These reactive species can then react with the defects in the
MWCNT. The pinning of CNT’s to its substrate has shown an increase in structural
strength in the composite material [47]. As a result of the displacement and scissions,
cross-links within the MWCNT, within the epoxy resin and between the MWCNTSs and
the epoxy resin are all possible and contributing to the increase in conductivity of the
composite.

The 4ACNT/4GL and 2CNT/4G/2CNT sample had an increase in conductivity post
irradiation. The CNT/GLx4 sample; however, had a decrease in conductivity post
irradiation. The differences in the behavior of the samples post irradiation suggest that
bridging between layers of MWCNT composites also played an important role in the
durability of the composite. Irradiation increased the conductivity in the first two samples

that had multiple conducting layers side by side. The CNT/GLx4 had four conductive
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layers that were separated by the SiO, glass and was not as durable as the first two
layered configuration.

Improvement in EMI-SE can be attributed to an increase in conductivity of the
material. As discussed in section 5.8, shielding effective is a function of skin depth. The
thicker the shield as compared to its skin depth, the better EMI-SE it possesses. Equation
V.26 indicates that an increase in conductivity would decrease the skin depth of a
material. Equations V.32 and V.33 indicates that decreasing the skin depth while
maintaining the same thickness of the material, would increase the overall EMI-SE of the
material. Measurements taken after electron irradiation showed an increased in the EMI-
SE of the ACNT/4GL and 2CNT/4GL/2CNT sample. The increase in shielding
effectiveness correlates directly with the increase in conductivity of the two samples.
However, the CNT/GLx4 had an increase in EMI-SE but a decrease in conductivity.
There are several possible explanations for the differences. The first explanation is that
only the surface conducting layer in the CNT/GL x4 had a decrease in conductivity.
Whereas the remaining conductive layers embedded in the sample experienced an
increase in conductivity. The second explanation is the electron irradiation could have
sintered the layers of the CNT/GLx4 which could also increase the EMI-SE independent
of the decrease in conductivity of the material. As discussed in the previous section, the
initial EMI-SE of the CNT/GL x4 was lower than the other two samples. It is possible
that the difference in the measured values was due to air gaps in the CNT/GL x4 that
could act as additional layers and decrease the overall EMI-SE. The sintering during the

irradiation heated and fused the layers together, decreasing the multiple reflections within
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the sample and mitigated the interface effects that initially reduced the overall EMI-SE of

the CNT/GL x4 sample.

Table 12. Mean EMI-SE Post Neutron Irradiation

Pre-Irradiation Post Post 96 168
Neutron(1) Neutron(2) Hours Hours

Sample Mean + Mean Mean EMI-SE | Mean EMI-SE (dB) Mean EMI-SE (dB)
Configuration EMI- (dB) EMI-SE (dB)

SE(dB) (dB)
8GL -0.7 0.3 -0.8 -0.7 -0.7 -0.7
4CNT/AGL -75.30 | 0.02 -76.14 -76.14 -76.14 -77.62
2CNT/4GL/2CNT | -85.59 .01 -85.59 -86.05 -86.05 -86.05
CNT/GLx4 -73.93 .02 -73.93 -74.60 -74.60 -76.87

7.6 Neutron Irradiation results

The MWCNT were irradiated with 1.0 MeV Si(eq) neutrons from the OSURR to a

fluence level of 101* neutrons/cm? and 105 neutrons/cm?®. Table 12 gives the mean

EMI-SE for the MWCNT composites post neutron irradiation. Table 13 gives the

conductivity results for the MWCNT composites. Figure 37 thru Figure 38 are graphical

representations of the data. The graphs showed that neutron irradiation had no

Table 13. Conductivity

results Post Neutron Irradiation

Mean 4CNT/4AG +/- 2CNT/AG/2CNT +/- G/CNTx4 +/- All-
Conductivity (S/cm) (S/lem) (S/cm) (S/lcm) | Glass
Pre-Characterization 766 13 388 10 458 26 N/A
Post Irradiation 754 10 399 7 469 6 N/A
1 x 10t
neutrons,/cm?
Post Irradiation 743 11 402 3 457 7 N/A
1x 105
neutrons/cm?
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Figure 37. Changes over time to EMI-SE (left) and conductivity (right) of
2CNT/4GL/2CNT sample after neutron irradiation.

measurable effects on the MWCNT composites. The changes to conductivity and EMI-
SE were within the standard deviation of the pre-irradiation measurement. The results
are consistent with [29] and [30] which reported that carbon nanotube composites would

experience little or no change in conductivity with fluence lower than 106 ions/cm?.
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Figure 36. Changes over time to EMI-SE (left) and conductivity (right) of
4ACNT/AGL sample after neutron irradiation.
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Figure 38. Changes over time to EMI-SE (left) and conductivity (right) of
CNT/GLx4 sample after neutron irradiation.

7.7 Error Analysis

An analysis of variance (ANOVA) was conducted on the pre-characterize
conductivity data collected on the MWCNT composites. The one-way ANOVA, which
treats each sample type as a separate group indicated that the group mean are not the
same. Sample 4CNT/4GL had a higher conductivity than the other two samples. This
indicates that the different conductive layers of the 4ACNT/4GL samples are interacting
with one another. As discuss in section 4.3, additional charge carrier transport pathways
can increase the conductance of the material. Bridging between the four layers of
MWCNT composite provided additional pathways that increased the overall conductance
of the 4ACNT/4GL sample. Figure 39 is the box-plot from the one-way ANOVA. On each
box, the central read line represents the median and the edges of the box are the 25™ and
75" percentiles. The distances between the tops and bottoms are the interquartile ranges.

The whiskers extend to the most extreme data points not considered outliers and outliers
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Figure 39. Analysis of variance between pre-characterized conductivity of
different sample types.

are plotted individually as red plus signs. Outliers are data that are 1.5 times the
interquartile range away from the top or bottom of the box [46] .
A one way ANOVA test was also conducted on the individual MWCNT
composites post vacuum and post electron irradiation. Figure 40 shows the result from
the one way ANOVA test. All three samples show an initial decrease in conductivity
post vacuum and post electron irradiation. The notches next to the red line in each of the
sample show the variability of the median between samples. The width of a notch is
computed so that box plots whose notches do not overlap have different medians at the 5

% significance level. The significance level is based on a normal distribution
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Figure 40. Analysis of variance between pre-characterized, post vacuum and post

irradiation conductivity of the different sample types. The three separate figures

show the three different sample types as noted in the headings.
assumption. If the notches in the box plot do not overlap, there is a 95% chance that the
true median is different. For the ACNT/4AGL sample, the notches on the box plot of the
post vacuum and post irradiation overlapped. The overlapping notches indicate that the
probability of the median changing is less than 95%. . Both the 2CNT/4GL/2CNT and the
CNT/GLx4 have a 95% probability that the conductivity decreased post vacuum and post
electron irradiation. In addition, Figure 41 also shows that the median was not centered

on the box plot. This indicates that the data collected was skewed.
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Figure 41. Analysis of variance of the ACNT/4GL sample
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VIIIl. Conclusion and Recommendation

The purpose of this research was to characterize electrical properties of carbon
nanotube containing composites intended for use as satellite surface materials before and
following electron and neutron irradiation. The MWCNT composites were irradiated with
electrons to fluence levels of 101 electrons/cm? with 500 keV electrons. In addition, 1.0
MeV Si (eq) neutrons was used to irradiate all the composites to a fluence of 104
neutrons/cm? and 105 neutrons/cm?. Results show that the changes to the MWCNT
composites’ electrical properties were insignificant. The multi-walled carbon nanotube
composites exhibited high conductivity and high EMI-SE that is consistent with
conductive materials and were highly durable under the simulated space radiation
environment.

A secondary purpose of the research was to investigate which layered
configuration was the most durable under electron and neutron irradiation. Although the
differences were minor, the 2CNT/4GL/2CNT and the 4CNT/4AGL configuration were
most durable under electron irradiation. The 2CNT/4GL/2CNT configuration
consistently had the best EMI-SE while the 4CNT/4GL had the higher conductivity. In
addition, both samples had an increase in conductivity and EMI-SE post electron
irradiation. The CNT/GLx4 sample had a decrease in conductivity and an increase in
EMI-SE post electron irradiation. This would suggest that the different layered
configuration does play a role in the durability of the composite. Having multiple
conductive layers of MWCNT composites provide increased durability against electron
irradiation. Additionally, the differences also indicate that conductivity is not the only
mechanism affecting the EMI-SE of the composite. Irradiation was conducted on three
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2CNT/4GL/2CNT panels to a fluence of 1016 electrons/cm?® with 100, 200 and 500 keV
electrons to investigate the possibility of ionizing radiation effects on the panels.
However, no changes in the EMI-SE were observed for these irradiations. Overall, the
changes to the electrical properties of the samples were minor, and results from follow on
electron were inconclusive. Further investigations are required to determine whether the
effects of the electron irradiation are due to transient ionizing effects or to displacement
damage.

The effects of neutron radiation on the electrical properties of the MWCNT
composites were also inconclusive. Neutron radiation is more damaging than electron
radiation. However, the MWCNT composites did not experienced the same changes to
its electrical property post neutron irradiation as it did post electron irradiation. This
could suggest that the changes observed post electron irradiation was due to ionizing
effects and not due to displacement damage. However, another possible explanation is
that the neutron irradiation did not create the same number of defects in the MWCNT
composites as the electron irradiation. The neutron spectrum of the OSURR was
converted to a 1 MeV equivalent. The conversion factor used was for silicon instead of
CNTs which could have introduced significant error in the calculation. The crystalline
structure of silicon is denser than the open structure of the MWCNTSs. As a result, a
much higher fluence is required to create the same damage in the MWCNTS. In order to
measure the same changes observed post electron irradiation, the MWCNT composites
needed to be irradiated to higher neutron fluence.

Changes to the electrical properties of the MWCNT composites post vacuum

were also inconsequential. However, there was a measurable decrease in the conductivity
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of the composites that merits consideration in future research. In addition, recovery of
the composites’ conductivity over time post irradiation can also be attributed to the re-
absorption of reducing gas such as CO,. Future research should attempt to measure the
conductivity of the material in situ. This will determine whether the recovery of the
composites’ conductivity to its original level was due to re-absorption of gases in the
atmosphere.

As highlighted by [1] and [3], the HDPE setup used to measure the samples
needed to be modified in order to decrease measurement variations. However, it is
recommended that the entire resistivity measurement using the HDPE fixture be replaced
by another method. The current method is an unnecessary waste of time and resources.
The method required separate samples to be cut in order to fit the HDPE fixture. The
resistivity measurements and EMI-SE measurements required samples that were different
sizes. As aresult, two separate sets of MWCNT composites were required to conduct the
same experiment. The composites are non-homogenous. Having two sets of samples
made it difficult to correlate the results from the EMI-SE and the conductivity
measurements. The van der Pauw measurement technique is highly recommended for
future investigation. The same size sample can be used for both the van der Pauw
resistivity measurement and the EMI-SE. Also, the variation caused by the placement of
the sample while using the HDPE would also be reduced.

The MWCNT composite have shown the ability to retain its electrical properties
following a simulated space radiation environment. The composite can be an excellent
choice for applications that require high conductivity and radiation resistance. However,

the results of the research highlighted the need for additional investigation in order to
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develop a better understanding of the fundamental causes to the changes that took place

following irradiation.
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Appendix A

Table 14: Network Analyzer calibration steps

1 | Select: Network Analyzer software application

2 | Select: File, Recall previous test

3 | Set Begin and End frequencies: Yellow = 8.2 GHz; Green = 12.4 GHz
4 | Select: Calibration Wizard

5 | Select: Unguided, TRL, 1-2 Ports, Cal Kit #28 (X-band)

6 | Select: Next, Through Standard, Reflect Standard

7 | Insert SHORT plate onto adapter (piece without rectangular hole)

8 | Select: both SHORT push-buttons

9 | Remove SHORT plate

10 | Insert LINE plate onto adapter (thickest piece with rectangular hole)
11 | Select: LINE push-button, X-Band ¥ wavelength line, Next

12 | Remove LINE plate

13 | Tighten both end adapters with nothing in between

14 | Select: THRU, Next, Finish
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